Orbital degrees of freedom in condensed matters could play important roles in forming a variety of exotic electronic states by interacting with conduction electrons. In 4f -electron systems, because of strong intra-atomic spin-orbit coupling, an orbitally degenerate state inherently carries quadrupolar degrees of freedom. The present work has focussed on a purely quadrupole-active system PrIr2Zn20 showing superconductivity in the presence of an antiferroquadrupole order at TQ = 0.11 K. We observed non-Fermi liquid (NFL) behaviors emerging in the electrical resistivity ρ and the 4f contribution to the specific heat, C 4f , in the paramagnetic state at T > TQ. Moreover, in magnetic fields B ≤ 6 T, all data set of ρ(T ) and C 4f (T ) are well scaled with characteristic temperatures T0's. This is the first observation of the NFL state in the nonmagnetic quadrupole-active system, whose origin is intrinsically different from that observed in the vicinity of the conventional quantum critical point. It implies possible formation of a quadrupole Kondo lattice resulting from hybridization between the quadrupoles and the conduction electrons with an energy scale of kBT0. At T ≤0.13 K, ρ(T ) and C 4f (T ) exhibit anomalies as B approaches 5 T. This is the manifestation of a field-induced crossover toward a Fermi-liquid ground state in the quadrupole Kondo lattice.
I. INTRODUCTION
In metals and alloys, localized d and/or f electrons inherently possessing 'spin' and 'orbital' degrees of freedom are dominant sources of not only various magnetic phenomena but also unconventional superconductivity. Extensive studies on a lot of 'spin'-active systems have successfully revealed the variety of the magnetic phenomena arising from competition of the inter-site RudermanKittel-Kasuya-Yosida (RKKY) interaction and the onsite magnetic Kondo effect, which was represented as the well-known 'Doniach diagram'. On the other hand, there is less variety of researches on 'orbital'-driven physics. Although the 'orbital' itself must have potential variety, there are few evidences of interplay between the orbital degrees of freedom and the conduction electron.
In the f -electron systems, strong intra-atomic spinorbit coupling forces the spin and orbital degrees of freedom to be described in terms of the total angular momentum J. When the magnetic moment due to J interacts strongly with itinerant conduction electrons, physically observable quantities follow the Fermi-liquid (FL) model of Landau, which is known as heavy fermion state. When * Electronic address: onimaru@hiroshima-u.ac.jp some conditions were fulfilled unexpectedly, the FL state could become unstable, instead, an anomalous metallic state would emerge, so-called non-Fermi liquid (NFL) state. [1] [2] [3] [4] In the vicinity of the quantum critical point, there emerges unconventional superconductivity. [5] On the other hand, emergence of a different type of NFL state was predicted theoretically, in case electric quadrupoles of the localized f electrons, which become active only in an orbitally degenerate state, interact with the conduction electrons, that is the quadrupole (two-channel) Kondo effect. [6] It is quite different from the ordinary (single-channel) magnetic Kondo effect in terms of scattering process of the conduction electrons; the scattering source is not magnetic dipole but the time-reversal electric quadrupole. Thereby, the impurity quadrupoles were overcompensated by the conduction electrons, leading to the residual entropy of (0.5)Rln2 and the NFL behavior: the magnetic susceptibility χ and the specific heat divided by temperature, C/T , show lnT dependence, and the electrical resistivity follows ρ − ρ 0 ∝1+A √ T , where ρ 0 is residual resistivity and A is a coefficient. [6, 7] NFL state and the residual entropy were also expected in a quadrupole Kondo 'lattice', in which quadrupole moments are periodically placed. [8] Very recently, the peculiar temperature dependence of ρ(T ) and C(T ) have been theoretically predicted. [9, 10] Moreover, in the lattice model, new types of electronic ordered states have been proposed. [11] [12] [13] Nevertheless, there is no experimental evidence on the exotic states, probably because there are rare systems carrying purely active quadrupoles.
Over the past few decades, experimental efforts have been paid to address the issues that could arise from the impurity quadrupole Kondo effect. [14] NFL behaviors were observed in uranium-and praseodymium-based systems with 5f 2 and 4f 2 configurations, respectively, such as U x Y 1−x Pd 3 [15, 16] , UBe 13 [17] , U x Th 1−x Be 13 [18] , U x Th 1−x Ru 2 Si 2 [19] , and Pr x La 1−x Pb 3 [25] . However, there is no firm experimental evidence for the impurity quadrupole Kondo effect, since atomic disorder or uncertainty in the crystalline electric field (CEF) ground states particularly in the U-based systems prevent the clarification.
Recently, a family of the praseodymium-based systems PrT 2 X 20 (T : transition metals, X: Al, Zn, and Cd) have emerged as a prototype to study the quadrupole Kondo effect, since the CEF ground state is a non-Kramers doubly degenerated state, that is labeled as the Γ 3 doublet in the cubic T d point group, having no magnetic dipoles but electric quadrupoles. [26] [27] [28] [29] [30] [31] In PrIr 2 Zn 20 , an AFQ order occurs at T Q = 0.11 K. [27] Although the entropy release of Rln2 is expected from an order of the doubly degenerated CEF ground state, the entropy at T Q estimated from the specific heat is only 20% of Rln2. Therefore, there should be another mechanism, except the AFQ order, which consumes the rest of the entropy above T Q . On the other hand, below T Q , a superconducting transition sets in at T c = 0.05 K, suggesting a possible interplay between the quadrupole fluctuations and the superconducting Cooper-pair formation. [27, [32] [33] [34] The coexistence of superconductivity with quadrupole order also manifests in isostructural compounds PrRh 2 Zn 20 , PrTi 2 Al 20 , and PrV 2 Al 20 . [35] [36] [37] [38] In PrTi 2 Al 20 and PrV 2 Al 20 , the strong hybridization between the 4f elections and the conduction electrons was revealed by the Al-NMR and Pr 3d-4f resonant photoemission measurements. [39, 40] The large Seebeck coefficient divided by temperature S/T observed in PrT 2 Al 20 (T = Ti, V and Ta) also suggests the strong hybridization effect, although that for PrIr 2 Zn 20 at B = 0 is two or three orders smaller than those of PrT 2 Al 20 .[41] PrV 2 Al 20 exhibits NFL behavior above T Q = 0.6 K; the 4f contributions in both ρ and χ follow √ T for 2<T <20 K [28] , however, in the temperature range, the magnetic degrees of freedom in the first excited state must interfere in the NFL behavior. Quadrupolar quantum criticality induced by application of magnetic field has been proposed. [42] In the present work, we study the transport, thermodynamic and magnetic properties for the non-Kramers doublet system PrIr 2 Zn 20 in magnetic fields applied along the [100] direction. For B || [100], the AFQ order collapses at around 5 T, whose value is much lower than the critical fields for the AFQ order in the [110] and [111] field directions. [27, 32, 43] Since high quality of the sample is necessary to reveal the inherent behavior arising from the quadrupolar degrees of freedom as described above, we have chosen single-cryslltaine samples with low residual resistivity of 0.2 µΩ cm (residual resistivity ratio, RRR>100). [27] The manifestation of the AFQ order guarantees the high-quality of the crystals, otherwise it is destroyed by the atomic disorder. Our measurements of the specific heat and the electrical resistivity in magnetic fields have revealed emergence of the NFL state possibly arising from formation of a quadrupole Kondo lattice. Furthermore, we have observed a magnetic-field induced crossover from the NFL state to an exotic heavy-fermion ground state in the quadrupole Kondo lattice.
II. EXPERIMENTAL
Single-crystalline samples of PrIr 2 Zn 20 used in the present work were grown by using the melt-growth method described in the previous papers. [34] Magnetization was measured using a commercial SQUID magnetometer (Quantum Design MPMS) between 1.9 and 350 K in magnetic fields up to 5 T. Magnetization measurements at low temperatures down to 0.045 K were performed by a capacitive Faraday method using a highresolution capacitive force-sensing device installed in a 3 He-4 He dilution refrigerator. [44] Electrical resistance was measured by a standard four-probe dc method in a laboratory-built system with a 3 He-4 He dilution refrigerator. Thermopower was measured using a laboratorymade probe by applying a temperature difference of 0.04-0.3 K along a bar-shaped sample. Specific heat in magnetic fields was measured by a relaxation method at temperatures between 0.4 K and 300 K. The measurements at low temperatures down to 0.06 K were done under quasi-adiabatic conditions with a 3 He-4 He dilution refrigerator equipped with a superconducting magnet of 12 T.
III. RESULTS AND DISCUSSION
A. Specific heat Figure 1 (a) shows the temperature dependence of the 4f contribution to the specific heat, C 4f , of PrIr 2 Zn 20 in magnetic fields B ≤ 12 T applied along the [100] direction. To estimate the 4f contribution C 4f to the total specific heat C, we subtracted the nuclear and phonon contributions C nuc and C ph as described below. The hamiltonian of a nuclear spin of a Pr nucleus, I=5/2, in magnetic field B can be represented as
where A hf =0.052 K is a coupling constant of hyper-fine interaction of a Pr ion [45] , and J, g N =1.72, and µ N are the total angular momentum of 4f electrons, nuclear gfactor, and nuclear magneton, respectively. The component of J along the magnetic field direction was regarded defined as the temperature where S 4f reaches 3 4 Rln2. The inset shows the data of C 4f for 3≤B≤5.5 T plotted with vertical offsets. The open and closed triangles, respectively, represent TQ and a crossover temperature T * emerging only in B=4.5 and 5 T, which will be described in the text. A Pr ion encapsulated into the symmetric Zncage, which is formed by four Zn atoms at the 16c site and twelve Zn atoms at the 96g site, is also shown in the inset.
as the isothermal magnetization measured at T =0.045 K. Thereby, the nuclear specific heat was estimated by taking the eigenvalues of the hamiltonian into consideration. The nuclear contribution is zero in B=0. Applying magnetic field, it gradually increases on cooling, e.g., in B = 3 T, C nuc is increased up to about 3.5 J/K mol at 0.1 K. The contribution of the phonon was subtracted by using the specific heat of the La analog LaIr 2 Zn 20 . The main panel of Fig. 1 (b) shows the entropy S 4f estimated by integrating C 4f /T . The value of S 4f reaches Rln2 at 2 K, supporting that the physical properties at T < 2 K are governed by the doublet ground state.
The sharp peak at T Q = 0.11 K for B = 0 in Fig.  1 (a) is the manifestation of the AFQ order. [27, 32, 33] As shown with the open triangles in the inset of Fig. 1  (b) , upon applying magnetic field for B≥3 T, the peak (a) < 3, C 4f and ∆ρ in magnetic fields better follow the calculation by using a two-channel Anderson lattice model [10] as shown with the (red) solid curves than the (blue) dotted curve calculated with the impurity quadrupole Kondo model [6] . The inset of (a) shows the temperature dependence of C 4f /T with vertical offsets. The temperature variation of ρ/(ρ0+A √ T ) is shown in the inset of (b). At the value of 1, ρ(T ) follows √ T . The arrows show the characteristic temperature, T shifts to lower temperatures and disappears at B=4.5 T. The behavior of the specific heat peak at T Q in the magnetic fields is much different from the previous report where the peak is split into two for 1≤B≤3 T. [27] This inconsistency results from an extrinsic effect of another grain contained in the previous sample whose crystalline axis is directed away from the a-axis of the dominant crystal.
On the other hand, as shown with the open triangles in Fig. 1 (a) , C 4f (T ) in B = 6 T shows a broad peak at 0.6 K, which shifts to 2 K with increasing B up to 12 T. The height and width can be explained by taking account of the Zeeman splitting of the ground state doublet. Because the split singlets lose quadrupolar degrees of freedom, no phase transition occurs in B > 6 T.
We pay attention to another broad peak in C 4f (B = 0) at around 0.4 K in Fig. 1(a) . When C 4f /T is plot-ted vs lnT in the inset of Fig. 2(a) Rln2. This definition follows the Cox's definition of the Kondo temperature T K for the impurity quadrupole Kondo system. [6] As shown in Fig.  1(b) , a defined T (C) 0 remains at around 0.4 K up to B=3 T and increases for B>3 T (see Fig. 5 (a) ). We plot in Fig. 2 (a) the values of C 4f (T )/C 4f (T 0 ) at various fields, which are well scaled with respect to T /T (C) 0 in the range of T /T (C) 0 >0.8. This scaling behavior will be discussed in detail by combining the NFL behavior of the electrical resistivity.
B. Electrical resistivity
The temperature dependence of the electrical resistivity ρ(T ) in magnetic fields between 0 and 9 T applied along the [100] direction are shown in Fig. 3 . It is noted that all the data are plotted without offset. In B≤4 T, ρ(T ) shows upward convex curvature at T Q < T < 1.0 K, that is the NFL behavior. On cooling below 0.5 K, ρ(T ) is likely to follow the √ T variation as shown with the dashed lines. The absolute value of ρ(T ) for B≤4 T is increased with increasing the magnetic field. On the other hand, above 6 T, ρ(T ) shows downward curvature. The residual resistivity is increased with increasing the magnetic field.
We pay our attention again to the NFL behavior of the upward convex curve at T Q < T < 1.0 K. Here, the data of ρ(T ) are replotted in the inset of Fig. 2 in Fig. 2 (b) , where ρ(T ) follows the scaling well in the temperature range of 0.5 < T /T (ρ) 0 ≤ 3. As shown in the inset of Fig. 2 (b) , T (ρ) 0 stays at around 0.35 K up to B=4 T, and increases significantly once B exceeds 4 T (see the (red) opened diamonds in Fig. 5 (a) ). The field dependence of T 0 , respectively. One is the contribution of a rattling phonon, which gives rise to ∆ρ∝ √ T . [46] There is an optical phonon excitation at around 7 meV (80 K), which is attributed to the low-energy vibration of the Zn atom. [47] [48] [49] However, as this phonon excitation probably ceases at T <1 K, interaction of the optical phonon mode with the conduction electrons must be too weak to modify the low-temperature electronic transport.
The second is the impurity quadrupole Kondo effect predicted by Cox et al., which leads to ∆ρ(T )∝1+A √ T and C/T ∝−lnT as mentioned in the introduction. [6] The √ T dependence of ρ(T ) may be applicable to the present data. However, in the present case of PrIr 2 Zn 20 , the quadrupole moments are not included as impurities but placed periodically, therefore, formation of the quadrupole Kondo lattice is a promising candidate bringing about the NFL state. relations;
where a i and b i (i=1 and 2) are parameters.
[10] The calculations are shown by the (red) solid curves in Fig. 2 (a) and (b). The curves are in better agreement with our experimental data for wider temperature range than those calculated by the impurity quadrupole Kondo model as shown with the (blue) dotted line.
In the present case, the NFL behavior does not persist down to the low-temperature limit. This is certain because this NFL behavior does not arise from the conventional quantum critical point but from the quadrupole Kondo effect as described in the introduction. The quadrupoles are over-screened by the conduction electrons, leading to the unstable electronic state with the residual entropy of (0.5)Rln2 at zero temperature in principle. In real systems, however, the residual entropy should go to zero at T = 0 by a mechanism following the third law of thermodynamics. In fact, in the magnetic fields B ≤ 4 T, the residual entropy is released by the intersite quadrupole interaction, leading to occurrence of the quadrupole order. The NFL behavior certainly manifests itself in the limited temperature range, where the magnetic entropy goes down from Rln2 to (0.5)Rln2. In zero magnetic field, where the NFL behaviors of the electrical resistivity and the specific heat appear in the temperature range from 1.5 K to 0.2 K.
Taking these experimental results and the analyses on them, this is the first observation of the NFL state in the nonmagnetic quadrupole-active system, whose origin is intrinsically different from that observed in the vicinity of the conventional quantum critical point. The scaling plots of C(T ) and ∆ρ(T ) using the characteristic temperatures T /T (C) 0 and T /T (ρ) 0 , respectively, as shown in Fig. 2(a) and (b) , imply the possible formation of the quadrupole Kondo lattice resulting from hybridization between the quadrupoles and the conduction electrons with an energy scale of k B T 0 .
D. Magnetic-field induced Fermi liquid state
Looking close to the data of ρ(T ) at B = 4 T as shown with the solid triangles in Fig. 4 , we find another knee at T * = 0.12 K above T Q = 0.08 K. In contrast to the drop of T Q at B > 3 T, T * stays at around 0.13 K for B = 4 and 5 T. As shown in the inset of Fig. 1 (b) , this T * coincides with the broad peak of C 4f (T ) at T * = 0.12 K in B = 4.5 and 5 T. The field dependences of T * observed in the ρ(T ) and C 4f (T ) measurements are plotted with the blue and red closed circles, respectively, in the B−T phase diagram in Fig. 5 (a) . The T * line can be a boundary of two states, meaning a phase transition or a crossover. In the present case, the crossover is likely to occur at T * , because the peak of C 4f (T ) becomes very broad despite the rather robust T * against the magnetic field. On cooling below T * , ρ(T ) follows ρ 0 +AT 2 at low temperature for 4≤B<6 T, as shown in the inset of Fig.  4 . The A coefficient as a function of B is plotted in Fig. 5 (c). It is strongly enhanced at around 4.5 T, where C 4f /T at 0.07 K is also peaked. Moreover, there is a peak at 5.5 T in the Seebeck coefficient divided by temperature, S/T , at 0.08 K. [50] The coincidence of these peaks at around 5 T suggests a peculiar feature of the heavy fermion state on cooling through T * in a narrow range of B, 3.5<B<6 T. Fig. 6 (a) and (b) show the isothermal magnetization and the derivative of the magnetization with respect to the magnetic field, dM/dB, at T =0.045, 0.08, 0.17, 0.55, and 1.2 K in the magnetic field of B≤14 T applied along the [100] direction, respectively. The isothermal magnetization shows metamagnetic behavior at around 5 T, where dM/dB shows a peak. The peak shifts slightly to higher fields and becomes broader with increasing temperatures, which is likely to be connected to the Schottky anomaly due to the splitting of the Γ 3 doublet in the magnetic field for B>6 T.
The contour plot in Fig. 5 (a) indicates the derivative of the magnetization with respect to the magnetic field, dM/dB. Note that the dM/dB is largely enhanced only in the narrow range of B, 3.5<B<5.5 T. Furthermore, the elastic modulus of the C 11 mode, which is a part of the Γ 3 -type (C 11 −C 12 )/2 mode, shows strong softening in the magnetic field at around B=5 T. [32] All these observations suggest development of an exotic Fermi liquid state on cooling through T * in a range of B, 3.5<B<5.5 T. 2 (left-hand scale) and the Seebeck coefficient divided by temperature, S/T , at 0.08 K (right-hand scale) [50] .
There are some possible mechanisms to form the exotic Fermi liquid state at T <T * . One is a crossover from the NFL state to a FL state expected in the twochannel Kondo model taking in magnetic field effect. [51] Perhaps, emergence of a FL state accompanied with a free magnetic spin in the vicinity of the NFL state has been pointed out by taking into account possible competition between the magnetic and quadrupole Kondo effects on the basis of an extended two-channel Kondo model. [52] Another is a cross-over due to the composite electronic order [11, 12] or the Hastatic order [13] in the quadrupole Kondo lattice as were mentioned above. In any cases, it is noted that the hybridization between the quadrupoles and the conduction electrons gives rise to a new type of the electronic ground state. It is highly desirable to detect the order parameter by microscopic techniques.
Indeed, we expected that the quadrupole induced quantum critical behavior in C 4f (T ) would appear when the AFQ order is fully suppressed. However, as shown in Fig. 5 (b) , C 4f /T does not diverse in the vicinity of 4.5 T on cooling to 0.07 K at all. It seems that the Doniach picture is not valid for this pure quadrupole system. Although it is still an open question why the quantum criticality was not detected in PrIr 2 Zn 20 , a peculiar feature of the quadrupole must give rise to the unique electronic phenomena.
IV. SUMMARY
We report the low-temperature transport, thermodynamic and magnetic properties on a cubic system PrIr 2 Zn 20 in which the non-Kramers doublet ground state has purely the quadrupolar degrees of freedom. In the moderately wide temperature range at T >T Q , non-Fermi liquid behaviors were clearly observed in the electrical resistivity ρ and the specific heat C 4f . Both ρ and C 4f in magnetic fields B < 6 T applied along the [100] direction can be well scaled with a characteristic temperature T 0 , suggesting the formation of the quadrupole Kondo lattice due to the hybridization between the quadrupoles and the conduction electrons. It indicates that the NFL behavior observed in the present system is intrinsically different from that observed in the vicinity of the conventional quantum critical point. Furthermore, ρ and C 4f exhibit anomalies at T * =0.13 K in the vicinity of 5 T, where the coefficient A for ρ=ρ 0 +AT 2 , C 4f /T , and S/T , have significant enhancement as a function of B. The concomitant increase in dM/dB indicates formation of a magnetic-field induced Fermi liquid ground state to remove the residual entropy in the quadrupole Kondo lattice. These observations imply that the Doniach picture relevant to the spin Kondo systems should not be valid for this purely quadrupoleactive system, possibly leading us beyond the Doniach picture.
